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ABSTRACT 
 
Theoretical Investigation of Self-Assembled Peptide Nanostructures for 
Biotechnological and Biomedical Applications.  
(May 2011)  
Jennifer Andrea Carvajal Diaz, B.S., Universidad Industrial de Santander 
Chair of Advisory Committee: Dr. Tahir Cagin 
 
 In this dissertation, molecular simulation techniques are used for the theoretical 
prediction of nanoscale properties for peptide-based materials. This work is focused on 
two particular systems: peptide nanotubes formed by cyclic-D,L peptide units and 
peptide nanotubes formed by phenylalanine dipeptides [-Phe-Phe-].  
Mechanical characterization of cyclic peptide nanotubes is a challenging problem 
due the anisotropy resulting from the nature of their molecular interactions. To address 
rigorously the thermo-mechanical stability of cyclic peptide nanotubes (CPNTs), a 
homogeneous deformation method combined with the generalized elasticity theory and 
molecular dynamics simulations (MD) were used for the calculation of second order 
anisotropic elastic constants. The results for anisotropic elastic constants, yield behavior 
and engineering Young’s modulus show remarkable mechanical stability for these 
materials supporting experiments for the development of their applications. Furthermore, 
the heat capacity, thermal expansion coefficient and isothermal compressibility were 
predicted using numerical difference methods and molecular dynamics.  
In order to understand the transport properties of confined water in cyclic peptide 
nanotubes, the influence of nanotube diameter was studied and self-diffusion coefficient, 
dipole correlation functions and hydrogen bond probabilities were calculated via 
molecular dynamics and statistical mechanics. Enhanced transport and higher diffusion 
rates for water were obtained in cyclic peptide nanotubes (CPNTs) compared with 
 iv
commonly used biomedical channels like carbon nanotubes (CNTs). The greater 
transport efficiency in CPNTs is attributed to the hydrophilic character and high 
hydrogen bonding presence along their tubular structure, versus the hydrophobic core of 
CNTs.  
One of the most important opportunities for cyclic peptide nanotubes is their 
utilization as artificial ion channels in antibacterial applications. Here, molecular 
dynamics methods were used to investigate the effect of confinement on the transport 
properties of Na+ and K+ ions under the influence of electric field; the ion mobility, 
selectivity, radial distribution function, coordination number and effect of temperature 
were studied and results from simulations proved their ability to transport ions. 
Additionally, the molecular organization of phenylalanine dipeptides into ordered 
peptide nanotubes was investigated, a model for the molecular structure of these 
nanotubes was proposed and optimized through molecular simulations; a helical pattern 
was found and characterized. Thermal stability results show that phenylalanine dipeptide 
nanotubes are stable up to about 400K; above this temperature, a significant decrease in 
hydrogen bonding was observed and the perfect pattern was altered. 
Findings from this work open new opportunities for research in the area of 
peptide based materials and provide tools and methods to study these systems efficiently 
at nanoscale.  
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CHAPTER I 
INTRODUCTION  
 
 
Complex three-dimensional structures are formed by nature through spontaneous 
association of molecules, termed molecular self-assembly1. In this study we will focus 
on a theoretical investigation of synthetic peptide based self-assembled nanostructures 
that have recently reported potential applications in nanotechnology and biomedicine. 
Peptides constitute useful building blocks with excellent chemical-physical 
stability and diversity1,2.  Also, inexpensive large scale production methods are 
becoming available for peptides, making feasible the fabrication of novel materials from 
these monomeric units.  They can form materials whose structures and functionalities 
can be controlled to perform a variety of functions in both biological systems and 
nanotech devices1. Peptide based materials can be found in different morphologies, like 
fibrils, nanospheres and nanotubes, these materials present adjustability and functional 
capabilities that direct their wide range of applications, from biomedicine2 to molecular 
electronics, tissue engineering3 and drug delivery1. Recently, interest in the mechanical 
stability of peptide nanostructured materials has increased due to their potential 
applications and also because of connections with peptide aggregates resulting from the 
mis-folding of proteins4,  these aggregates can be toxic if formed in the human body and 
are linked to a high number of human diseases like Alzheimer’s, Parkinson’s and 
Huntingston5. Nano-structured peptide materials have also been reported as efficient 
chemotherapeutic agents used to destroy cancer cells6. These findings have illustrated 
the potential of peptide materials for nano-scale and biomedical applications3. However, 
understanding the effect of molecular scale organization in the macroscopic behavior of 
these materials still remains in the earlier stages. Therefore, further experimental and 
theoretical studies have an important role contributing to the rational design of new 
functional peptide nanostructures.  
____________ 
This dissertation follows the style of Nature Materials. 
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method combined with molecular dynamics is used to calculate anisotropic elastic 
constants, and molecular dynamics is used for the determination of their thermodynamic 
properties.  
In Chapter IV, the dynamics of water within cyclic peptide nanotube (CPNT) 
systems is presented, and their transport properties are compared with those obtained 
from equivalent diameter single wall carbon nanotubes (CNTs); findings from this work 
play an important role understanding the influence of channel-water on diffusion 
properties and for future applications of these systems as artificial ion channels, drug 
delivery and nano-fluidics devices.  
 In Chapter V, results of ion (Na+ and K+) transport dynamics under the effect of 
electric field are presented for the CPNTs; these results provide basic key information 
for the design of applications where CPNTs could perform as antibacterial agents and 
artificial ion channels.  
In Chapter VI, the stability and molecular organization of diphenylalanine (FF) 
peptides forming stable nanotubes are reported; conclusions from this investigation have 
implications in the understanding of molecular forces stabilizing these structures after 
self-assembling processes.  
Finally, Chapter VII draws conclusions from the work presented in this 
dissertation and lists recommendations for future work. 
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CHAPTER II 
BACKGROUND 
 
 
2.1. Recent Developments of Peptide-based Nanostructures 
 
2.1.1. Peptide Nanotubes 
In 1974 De Santis et. al discovered the conformational possibilities of D,L 
peptides sequences to form cyclic and tubular structures12. It took 20 years to realize this 
potential and only until 1993 Ghadiri and coworkers13 demonstrated, for the first time, 
that nanotubes can be self-assembled by a process based upon β-sheet like interactions 
between macrocyclic D, L-peptides. These cyclic peptides were designed with an 
alternating even number of D- and L- amino acids, which interact through hydrogen 
bonding to form nanotubes, and the hydrophobic side chains interact to form arrays of 
self-assembled associated nanotubes. The internal diameter of the nanotubes can be 
manipulated by changing the number of amino acids per ring, and the surface 
characteristics can be controlled by selecting the appropriated amino acid depending on 
the desired functionality for the side chain groups in the cyclic peptide sequence14.  
One of the first applications of peptide nanotubes was based on their membrane 
function. As the cyclic peptide nanotubes (CPNTs) were toxic to bacteria, they were 
demonstrated to serve as novel antibiotic agents15. Several investigations have revealed 
that peptide nanotubes may act as highly selective and efficient transmembrane channels 
as well. These structures are shown to be large enough to serve as a channel for water16, 
as size-selective ion channels17 and as the medium for the transport of biologically 
relevant molecules16. Peptide nanotubes have been observed to form 2-D crystals of 
tubes18, and can be found as embedded tubes in lipid membranes15,19, as branched 
network tubes in solution20, or as isolated nanotubes in solution21.  Manipulation of 
electronic and optical properties of CPNTs have been investigated by side chain 
modification to allow charge transfer; these results provide important basis for 
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of elastic properties of peptide nanostructures. Below, state of the art for theoretical 
methods used in calculation of mechanical properties for some peptide nanostructures 
are listed in Table 2.1. 
 
Table 2.1. State of the Art: Computational Approaches for Mechanical Properties of Biomaterials 
Nanostructure Contribution Methods Ref(Year)
Beta-sheet-
rich 
 proteins 
 
Mechanical energy transfer and 
energy dissipation studies.  
Steered molecular dynamics  
 
 
66,67(2010) 
Helical 
Peptides 
 and Proteins 
Evaluation of different AMBER 
Potentials for Molecular Mechanics 
simulations.  
Explicit solvent molecular 
dynamics simulations 
68 (2010) 
Coiled Protein  
Filaments 
Results indicate that α-β transitions 
may increase energy dissipation 
capacity, stiffness and strength in 
proteins filaments 
All atomistic steered molecular 
dynamics  
69 (2010) 
Spider Silk  
Fibrils 
Molecular Mechanisms of 
Deformation, Strength and 
Toughness of Spider Silk Fibrils are 
explained in terms of confinement 
of beta-sheet nanocrystals, and 
extensible semiamorphous domains 
Coarse Grain molecular dynamics 70 (2010) 
Alpha-helical  
proteins 
Development of a coarse grain 
mesoscale model fro alpha helical 
proteins.  
Atomistic and CG steered 
molecular dynamics  
71 (2010) 
Collagen Mechanical Properties, Young 
Modulus. 
Steered molecular dynamics 72(2008) 
73(2006) 
Microtubules Anisotropic Elastic constants Mathematical modeling of elasticity 74 (2005) 
 
Cyclic peptide 
nanotubes 
Anisotropic Elastic constants and 
thermodynamic properties 
MD simulations and non-linear 
elasticity theory.  
 
75 (2010) 
 
Bio-materials Review of bio-mechanical 
characterization methods 
 
Experimental and Theoretical 76 (2003) 
 
2.2.2. Transport Properties  
In order to use the self-assembled polypeptide materials in the design of better 
nano-fluidic devices and to understand biological function of cell membranes, it is 
important to investigate the change in structure and transport of fluids under nanoscale 
confinement conditions.   
 14
Studies with molecular detail under confinement are quite new and in particular 
behavior for peptide channels is not fully explored yet. Most of the molecular simulation 
studies have focused the attention in natural process such as ion transport and cellular 
transport phenomena; however similar techniques can be used to explore transport 
properties of engineered peptide channels.  Below, in Table 2.2., recent studies of 
transport within peptide materials are briefly reviewed. Also in Chapters IV and V the 
state of the art for water and ion transport in peptide nanochannels is reviewed.  
 
Table 2.2. State of the Art: Computational Approaches for Transport Properties of Peptide Channels 
Nanostructure Contribution  Methods Reference 
α,γ-Peptide Nanotubes in 
Solution (different 
solvents ) 
Permeability and carrier 
properties based on polar 
character of the solvent. 
Molecular dynamics and 
steered molecular 
dynamics. 
77 (2009) 
 
Cyclic peptide nanotubes H-bonds distribution, 
water transport, water 
structure 
MD and CG-MD 
simulations with explicit 
solvent 
(1998)16 ( 2003)78 
 (2009)79  (2010) 80 
Cyclic peptide nanotubes Ion transport Atomistic and CG 
simulations 
81-83 (2006) 
Lysozyme protein 
crystals 
Electrophoresis of Na+ 
and Ca+ 
Non-equilibrium MD 84(2008) 
Natural membrane 
channels 
Review of studies for 
water and ionic transport 
MD simulations 85(2009) 
Alpha-helical peptides Energy transport 
mechanism  
Non-equilibrium MD 86 (2010) 
KcsA channel Coordination number of 
Na+ and K+ ions 
Quantum mechanics/MD 
Car-parinello simulations 
87 (2010) 
 
 
2.2.3. Molecular Organization & Self-assembly  
Understanding of the molecular organization, B-sheet characteristics and 
hydrogen bond distribution in peptide nanostructure is still a challenge for computational 
and experimental characterization techniques. 
 Studies on these patterns will contribute to the design of peptide materials and to 
unveil details of natural occurring processes and structures related with diseases. Below 
in Table 2.3., are listed recent studies related to this problem.  
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Nanostructure Contribution Methods Ref(Year) 
Polyglutamine 
 nanotubes 
Implications in 
neurodegenerative diseases 
including Huntington’s disease, 
spinocerebellar ataxias and  
muscular atrophy.  
Replica exchange molecular 
dynamics 
93 (2010) 
 
Diphenylalanine 
nanostructures 
Implications in Nanotechnology 
(biosensing, nanowires) & 
Alzheimer’s disease 
Coarse-grained CG molecular 
dynamics (MD) 
94 (2009) 
Peptide 
 Amphiphile (PA) 
Characterization of  the size 
distribution of the aggregates as a 
function of the molecular 
interactions 
Coarse grained model for PA 
molecules using the united atom 
model 
95 (2008) 
Peptide Nanotubes  
into Lipid bilayers 
The cyclo[(l-Trp-d- (Leu)3-l-
Gln-d-Leu] ring is aligned 
parallel to the dimyristoyl 
phosphatidylcholine (DMPC) 
chains. Implications in 
transmembrane transport 
Polarized attenuated total 
reflectance (ATR), grazing 
angle reflection−absorption and 
transmission Fourier transform 
infrared (FT-IR) spectroscopy 
methods 
19 (1998) 
Peptide Nanotubes  
into Lipid bilayers 
Tubes formed by 8 × cyclo[(−d-
Ala-l-Glu-d-Ala-l-Gln−)2] and 8 
× cyclo[(−Trp-d-Leu−)4] 
spontaneously insert into lipid 
bilayer membranes. 
Coarse-grained (CG) molecular 
dynamics (MD) simulation 
83 (2008) 
Lanreotide 
 Octapeptide  
Nanotubes  
Results show three assembly 
stages and three intermediates 
steps 
Analytical centrifugation, NMR 
and X-ray scattering 
30 (2010) 
Peptide  
self-assembled 
structures 
Review of self-organization 
properties of peptides. 
Theory and experimental 
methods 
2 (2007) 
Amyloid Peptide  Aggregation structures of 
(GGVVIA) peptides 
CG Montecarlo Simulations 96 (2010) 
Polyglutamine  
peptides 
PRIME model of monomers for 
DMD simulations. 
Discontinuous Molecular 
dynamics 
97 (2007) 
Beta-amphiphilic  
peptides 
Analysis of influence in sequence 
and residue type.  
Coarse Grained model and 
monte carlo simulations.  
98 (2010) 
 
2.2.4. Applications of Peptide-based Nanostructures 
Peptide nanostructures have been used as biosensors, for fabrication of nanowires 
and as tissue scaffolds and recently as peptide nanowires, among others applications, see 
Fig.2.13. 
Lim  et al. reported nanoparticles with very good control over the morphology, 
size, and aggregation of  the resulting peptide-coated nanostructures formed by Tat cell-
penetrating peptide (Tat CPP)  and hydrophobic lipid segments. By manipulation of the 
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Coaxial Nanowires A scaffold of self-assembled peptide nanotubes was used to 
produce coaxial nanocables 
38 (2006) 
Diphenylalanine/Polyaniline 
 Core/Shell Conducting  
Nanowires 
Experimental work where self-assembled peptide nanowires 
were used as a template for the synthesis of hollow 
polyaniline (PANI) nanotubes 
100 (2009)  
Bioactive Nanostructures Review of functional peptides with dendritic lipid groups 
forming  nanoparticles with controlled morphologies and 
assembled in aqueous solution 
99 (2007) 
101 (2008)  
Quantum Dots (QDs) in  
tertbutoxycarbonyl-Phe-
Phe-OH  (Boc-FF) peptide 
networks  
Experiments/Theory showed optical absorption of QDs with 
luminescence of excitons  
102 (2009) 
Peptide nanostructured 
 electrodes 
Implications in Ultra- Sensitive Enviromental Monitoring.  103 (2010) 
Piezoelectric Peptide  
Nanotubes 
High effective piezoelectric coefficient of about 60 pm/V 
(shear response) was reported for  Self-assembled 
diphenylalanine 
peptide nanotubes (PNTs).  
35 (2010) 
Electronic Conductor  
Based on β-3-thienylalanine 
Using quantum mechanical calculations, MD and QM/MM 
simulations reported the optimal conditions for design of a 
nanowire.  
104 (2009) 
Peptide scaffolds Peptide scaffolds are used for for neurite outgrowth and 
synapse formation, they are formed by self-assembly of ionic 
self-complementary oligopeptides. 
3 (2000) 
 
 
2.3. Fundamentals of Computational Methods 
 
2.3.1. Molecular Dynamics 
 Molecular Dynamic (MD) is a technique that allows the calculation of dynamic 
properties for classical many-body systems.  In MD, the contributions to the total energy 
of the system from covalent and non-bonded interactions are included in a mathematical 
function or “potential function” known as Force Field. In general, all physical properties 
are the result of these intermolecular interactions and are expressed as time averages, 
derivatives or fluctuations of the functions of interaction potentials105. Hence, molecular 
dynamics in principle provides important information about the system under study from 
molecular level interactions, see Fig. 2.14. 
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 The CHARMM force field was developed by Dr. Martin Karplus group at 
Harvard University106 in 1983. It is an all-atom force field designed for molecular 
modeling and molecular dynamics which has successfully been used in computational 
studies for proteins and peptide systems.  The potential energy function implemented in 
NAMD is given by:  
 
CoulombvdWdihedralanglebondTOTAL UUUUUU ++++=    (2-1) 
 
where, UTOTAL represents the total energy, which accounts for contributions from 
stretching (Ubond) , bending (Uangle), torsion (Udihedral), van der Waals (Uvdw) and 
Coulomb (UCoulomb) interactions. The mathematical expression for each term is given by:  
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 The parameters required in the previous potential functions (
i
bond
i rk 0, , etc. ) are 
taken from the latest version of the CHARMM force field109. These values were 
determined by combination of empirical and quantum mechanical calculations.  
 Finally, it is important to mention that in order to simulate a complete 
representation of the system and to be able to approach the bulk behavior, a set of 
periodic boundary conditions (PBC) are defined. This will create infinite copies of the 
simulated unit cell in three dimensions, the atoms in the central simulation box boxes 
behave in the same manner as their replica images, and can freely cross box boundaries. 
Under periodic boundary conditions the linear momentum of the system will be conserved.   
 
2.3.2. Nosé-Hoover Langevin Piston Barostat 
The Nosé-Hoover Langevin Piston method is a modification of the Nosé-Hoover 
method110 in which the fluctuations in the barostat are controlled through a Langevin 
Dynamics method111. In order to simulate the NPT ensemble, it requires to be combined 
with a temperature control method. The equations of motion are expressed as:  
i
i
i
i r
V
V
m
pr
.
.
3
1+=
         (2-7) 
p
V
VFp ii
.
.
3
1−=
         (2-8)
 
[ ] )()(1 .0.. tRVPtPWV +−−= γ        (2-9) 
 
where, r is the position, p the momentum, m the mass, V the volume and Fi is the force 
of each atom. P(t) is the instantaneous pressure, P0 is the external imposed pressure, W is 
the mass of the piston, γ is the collision frequency and R(t) is a random force taken from 
a Gaussian distribution with zero variance and mean. Below is the expression for R(t), 
where, kB is the Boltzmann’s constant.  
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W
tTktRR B )(2)()0( δγ ⋅⋅⋅⋅=                          (2-10) 
 
2.3.3. Langevine Thermostat 
 In order to correctly control the temperature, the system is coupled with a 
reservoir or heat bath; The Langevine thermostat107 models the influence of a heat bath 
by adding a small random noise and a frictional force directly proportional to the 
velocity of each particle. These two terms are balanced to maintain a constant 
temperature. The heat trapped in localized modes is removed using this model when 
each particle is coupled to a  heat bath. The mathematical model for Langevine 
Dynamics is shown below. 
 
)(2)(
.
tR
W
TkvrFvM B ⋅⋅⋅+⋅−=⋅ γγ           (2-11) 
 
where M is the mass, v  is the velocity, F is the force, r is the position, γ is the friction 
coefficient, kB is the Boltzmann constant, T is the temperature, and R(t) is a random 
term. The coupling is applied by adding the fluctuation and frictional forces ( last two 
terms) to the Newton’s equations of motion107.  
 
2.3.4. Constrains: SHAKE/RATTLE Algorithm  
 In molecular dynamics, constrains are applied to the systems. Generally the 
simulations are carried out so that the internal coordinates satisfy bond-length and bond 
angle constrains. Also explicit or implicit constrains forces can be applied to bond and 
angle lengths. The constraint algorithms should be implemented effectively in order to 
prevent expensive and long computation times.  
 The SHAKE method112 is based on the Verlet algorithm in which only the atomic 
positions are constrained; RATTLE is the velocity Verlet version of SHAKE where both 
positions and velocities are constrained113.  SHAKE requires previous information for 
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the positions while RATTLE can calculates the new positions and velocities without 
earlier history. RATTLE also uses cartesian coordinates to describe the configuration of 
internal constrains in a molecule and like SHAKE is based on the Verlet algorithm. 
RATTLE is of higher precision than SHAKE on computers of fixed precision and it is 
convenient in molecular dynamics simulations at constant temperature and pressure 
where the velocities need to be rescaled113.  
 
2.3.5. Electrostatics: Particle Mesh Ewald (PME) 
The Ewald summation114 is the conventional method used to evaluate long-range 
electrostatic interactions in systems where periodic boundary conditions are applied. The 
infinite sum of charge-charge Coulomb interactions for a charge-neutral system is 
conditionally convergent. 
Ewald summation sums over each box first, then sum over spheres of boxes of 
larger radius. This method is considered more reliable than a cutoff scheme, although it 
is noted that the artificial periodicity can lead to bias in free energy. The particle–mesh 
Ewald (PME) method115 is a fast numerical method to compute the Ewald sum for large 
periodic systems. 
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CHAPTER III 
THERMO-MECHANICAL CHARACTERIZATION  
OF PEPTIDE NANOTUBES* 
 
3.1.  Overview 
Peptide nanostructures present wide range of opportunities for potential device 
and applications in biomedicine and bio-nanotechnology; hence thermo-mechanical 
stability studies on these materials are important and crucial for the design of their 
applications. 
 Recently, the interest in deformation and fracture of protein materials has 
intensified116; the mechanical stability of collagen tissues, beta-sheet structures and alpha 
helical structures has been studied using atomistic simulations and multi-scale modeling 
methods117. These findings, have illustrated the potential of peptide materials for nano-
scale and biomedical applications3.  However understanding the effect of molecular 
scale organization in the macroscopic mechanical behavior of these peptide based 
materials still remains in the earlier stages. Therefore, further experimental and 
theoretical studies have an important role contributing to the rational design of new 
functional peptide nanostructures.  
Different theoretical approaches have been proposed to calculate the elastic 
constants of materials. These methods include empirical force-constant models 118,119, 
second derivative methods120, molecular-dynamics simulations using fluctuation 
formulas 121,122 and finite elasticity theory based deformation methods123-126. One of the 
pioneers in the investigation of mechanical properties using atomistic simulations was 
Andersen 127, in his method the pressure was held constant and the volume of the system 
represented a dynamical variable. 
____________ 
*Part of this chapter is reprinted with permission from “Thermo-mechanical stability and strength of 
peptide nanostructures from molecular dynamics: self-assembled cyclic peptide nanotubes” by Carvajal-
Diaz, J. A. & Çağin, T. Nanotechnology 21, 115703 (2010). doi: 10.1088/0957-4484/21/11/115703 
Copyright 2010 by IOP Publishing. 
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 Parrinello and Rahman 128,129 method allow changes in both the size and shape 
of the molecular dynamics cell. A matrix h was defined from the molecular dynamics 
simulation cell parameters as h = (a, b, c); where a, b, and c are the cell vectors and 
constitute the columns of the h-matrix. In the Parrinello-Rahman approach h is a 
dynamical variable that describes the shape and size variations of the molecular 
dynamics cell. Ray and Rahman130 showed how the MD theory can be used together 
with the theory of finite (or nonlinear) elasticity131. They defined the EhN ensemble; in 
which not only the volume (V= det (h)) is kept constant but also the shape of the 
molecular dynamics simulation cell. The introduction of the h matrix into the theory, 
allows a full description of the elastic properties of a system of arbitrary symmetry. In 
this study, we apply strains of arbitrary magnitude to the system and the finite theory of 
elasticity is used for the calculation of the second order elastic constants. 
The calculations of elastic constants using atomistic simulations have become 
useful to provide a complete description of the elastic response of materials such as 
metals 7, ceramics8, polymers9, carbon nanotubes132 and minerals, among others. Gupta 
and coworkers have demonstrated the use of the finite strain theory of homogeneous 
elastic deformation with first principles methods to calculate second order elastic 
constants (SOEC) and third order elastic constants (TOEC) for crystals of low 
symmetry, illustrating the general applicability of the method. They found out that fitting 
the energy-strain relation is more robust numerically than fitting the stress-strain relation 
and the coefficients derived from fitting the calculated total energy are less sensitive to 
the details of computations compared to stress-based approaches133.  
In the present work, we have used Lagrangian strain tensors characterized by a 
single strain parameter, and each strain tensor is applied to the crystal lattice, using the 
definition of the h matrix given by Ray and Rahman130. The elastic strain energy is 
calculated from the molecular dynamics simulations, hence including the temperature 
effect. The second-order (isothermal) elastic constants are obtained from a polynomial 
fit to the calculated energy-strain relation obtain from constant temperature simulations. 
This work focuses on a specific system: peptide based nanostructures self-assembled in 
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nanotubes forming a two-dimensional ordered structure following the model of cyclic 
peptide nanotubes synthetized by Ghadiri13. The use of periodicity in the third dimension 
makes up a 3-dimensional infinite crystal. In these peptide nanotubes, the peptides 
subunits present covalent interactions between the amino acids forming each ring; the 
hydrophobic side chains interact through VDW forces providing stability between the 
tubes. The hydrogen bonding between the peptide subunits represents the strongest 
intermolecular forces of the system and directs the self-assembly of these tube-like 
peptide nanostructures. Anisotropic behavior is expected for the mechanical properties 
of this system due to the different nature of interactions present along different 
directions.  
Up to date, there is not report of mechanical characterization of these nanotubes. 
Therefore, the study and understanding of the mechanical stability and strength of these 
materials is important in order to be able to predict and design the previously mentioned 
applications.  
In this chapter, a homogeneous deformation method is combined with the finite 
elasticity theory and molecular dynamics simulations (MD) is presented for the 
calculation of second order anisotropic elastic constants; additionally thermodynamic 
properties are also reported for the model formed by self-assembled cyclic peptide 
nanotubes.  
 
3.2.  Description of the Model 
 
The results presented here are related to the first experimentally synthesized 
peptide nanotubes, obtained by Ghadiri13.  These nanotubes form a crystalline network, 
which has been characterized experimentally and cell parameters known13. One tube is 
made out of cyclic peptide subunits formed by eight amino acid residues, each 
represented as Cycle[-(D-Ala-Gln-D-Ala-Glu)2-]. The D,L amino acids are: Glutamine 
(Gln), D-Alanine (Ala) and Glutamic Acid (Glu). The octa-peptide subunit and nanotube 
structure is shown in Fig. 3.1.  
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3.3. Thermodynamic Properties 
 
3.3.1. Computational Details 
Molecular Dynamics simulations give the first-order properties such as internal 
pressure, internal energy and density in time and averages over time yield the 
thermodynamic observables. The second-order properties are the thermodynamic and 
mechanical response functions such as the specific heat capacity, the isothermal 
compressibility, the thermal expansion coefficient, the elastic constants, etc., these may 
be obtained from the first order properties using numerical differential methods, or 
statistical fluctuation formulas derived from definition of entropy or free energy 134,135. 
 
CP = ∂E∂T
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ P ; VκT = −
∂V
∂P
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ T ; VαP =
∂V
∂T
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ P        (3-1) 
 
We have used exclusively the NAMD2.5107 program with the CHARMM force 
field representing the interatomic interactions in the model system. Isothermal-isochoric 
and isothermal-isobaric ensembles were used in the calculations of thermodynamic 
properties such as specific heat capacity, bulk modulus and thermal expansion 
coefficient of the peptide nanostructures. NPT dynamics are used to determine bulk 
properties at atmospheric pressure. Temperature was increased from 100K to 700K 
using the Langevine thermostat as temperature control method. 
 
3.3.2. Results and Discussion 
Thermodynamic properties were calculated using the NPT (isothermal-isobaric) 
ensemble. The thermal expansion coefficient and the specific heat capacity were 
calculated from NPT simulations from 0 GPa to 16 GPa and the isothermal 
compressibility factor value is reported at 300K (see Fig. 3.4 and Table 3.2.).  
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Table 3.2. Thermodynamics Properties of Crystalline Cyclic Peptide Nanotubes at 300 K 
 
 
 
 
3.4. Anisotropic Elastic Constants 
 
3.4.1. Homogeneous Deformation Method 
Taking a reference state is needed in order to describe a strained state of a 
system, one needs to define a reference. We can define the h-matrix, which represent the 
shape and the size of the system, and in an arbitrary coordinate frame in terms of its  unit 
cell vectors as its columns: 
h =
ax bx cx
ay by cy
az bz cz
⎛ 
⎝ 
⎜ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ 
⎟ ⎟           (3-2) 
The h-matrix transforms the fractional/crystallographic coordinates (ξ, η, ζ)  to 
Cartesian coordinates (x, y, z) as follows:  
x
y
z
⎛ 
⎝ 
⎜ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ 
⎟ ⎟ = h
ξ
η
ζ
⎛ 
⎝ 
⎜ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ 
⎟ ⎟ 
           (3-3) 
 
If the ZYX-crystallographic convention assumed, it becomes a lower triangular 
matrix, with bx = cx = cz = 0.   
One can write the h matrix in terms of components of cell vectors as well as the 
more commonly used cell parameters, (a,b,c, α, β, γ,) as follows: 
 
h =
ax 0 0
ay by 0
az bz c
⎛ 
⎝ 
⎜ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ 
⎟ ⎟ =
a sin β sin γ * 0 0
a sin β cos γ * b sinα 0
a sin β bcos α c
⎛ 
⎝ 
⎜ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ 
⎟ ⎟ 
      (3-4) 
Cp (Kcal/mol) 1.32 
κ(GPa-1) 2.9x10-2
α (1/K) 1.3x10-4
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 where,   βα
βαγγ
sinsin
coscoscos* −=         (3-5) 
 
This zero stress state value of this matrix ho represents the cell size and shape 
before application of any deformation and it is therefore used as the reference state to 
define the strain tensor of finite theory of elasticity122 as: 
 
 ε = 1
2
˜ h 0
−1Gh0
−1 − I( )           (3-6) 
 
where G matrix is defined as; G = ˜ h h , the tilde indicates matrix transposition122. The 
finite strain expression can trivially be inverted to express the metric tensor, G,  
 
G= ˜ h 0(2ε+I)h0          (3-7) 
in turn, the cell parameters are defined as a function of applied strain; first the cell 
lengths: 
 
a= G11 ; b= G22 ; c = G33         (3-8) 
 
and the nonzero components of a and b from 
 
az =G13/c; bz =G23/c; by = b2 −bz2 ; ay = G12 −azbz( )/by; 222 yzx aaaa −−=   (3-9) 
 
In this work, after establishing how to apply the strain properly to the molecular 
level models, we combine the method of homogeneous but finite deformations with the 
total-energy calculations from molecular dynamics simulations to provide the general 
method for determining second order elastic constants of self-assembled cyclic peptide 
nanotubes at elevated temperatures, in particular at 300K.  
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To establish the basis of our calculations, we start by defining the strain energy 
with respect to reference, unstressed state. If a body is deformed, then its strain energy 
can be expressed as a Taylor series expansion in strain as: 
 
ΔE = V0
2!
Cijklεijεkl + V03!i, j,k,l∑ Cijklmnεijεklεmn + O(ε
4)
ijklmn
∑
               
(3-10) 
 
For generality we have given the expression up to third order elastic constants. 
We can express the strain energy in commonly encountered Voigt notation; where the 
Voigt notation uses a 6-vector notation utilizing the inherent symmetries of the strain 
tensor and elastic constants: 
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Elastic constants are obtained from a polynomial fit to the calculated energy-
strain relation. Fitting the energy-strain relation, rather than the stress-strain relation, 
provides a more robust procedure and enables the use of certain first-principles codes 
where the stress tensor cannot be determined directly as well. 
 
3.4.2. Energy-Strain Relationships and Elastic Constants 
After expanding the elastic energy per unit volume of specific strained systems 
and fitting the energy values with respect to the value applied of ξ, the second order 
elastic constants (SOEC) are obtained from the coefficients of the second order terms of 
the expression. Results are plotted in Fig. 3.5 (a-h). 
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are consistent with the various mechanical stability relations given in terms of 
anisotropic elastic constants for trigonal crystals. 
 
Table 3.3. Anisotropic Elastic Constants of Cyclic Peptide Nanotubes 
Cij (GPa) Cij (GPa) 
C11 8.09 C66 0.77 
C22 10.16 C12 6.56 
C33 19.65 C13 9.56 
C44 1.23 C14 0.57 
C55 1.23 C23 9.59 
 
The value found for C33 is highest as expected due to the strong intermolecular 
forces (Hydrogen-bonds) along z (tube axis) direction. The difference between C11 and 
C12 is larger than zero, indicating tetragonal shear stability, but corresponding tetragonal 
shear constant is 0.7 GPa is an indication of delicate nature of this tetragonal shear 
stability. The values of C44, C55 and C66 are small compared to the other constants, this is 
an indication of the weakness of the shear stability of the membrane, but still these 
numbers are high enough to keep the system self-assembled and intact.  The smallest 
value is C66 and this is in plane xy pure shear value. This resulted is as expected and 
quite close in value to corresponding tetragonal shear, Ct= (C11-C12)/2. The values for 
C11 and C22 are smaller compared with the C33 coefficient, since these two constants are 
mainly representation of van der waals and electrostatic forces. However, these values 
are still noticeably larger than most of the amorphous polymers. 
The Young’s modulus can be approximated to the value of the C33 elastic 
constant. The Young’s Modulus calculated from molecular dynamics is 19.65 GPa, this 
value is higher than the C11 and C22 components; this confirms the anisotropy of the 
system and its more rigid character in z direction can be attributed to the hydrogen bonds 
that assemble the peptide subunits of the nanotubes. There is no experimental value of 
the Young’s modulus for this particular system, however the peptide nanotubes made up 
of diphenyl alanine peptides is reported to have a Young’s modulus of 19 GPa33 which is 
in close agreement with our finding.  
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3.5. Summary 
 
Peptide Nanostructures are mechanically stable materials with huge possibilities 
to be studied and a promising number of applications in biomedicine and bio-
nanotechnology. Here, the anisotropic elastic constants for cyclic peptide nanotubes at 
300K were reported. This methodology can be used to obtain a better understanding in 
the mechanical stability of different peptide materials with known cell parameters.   
It is important to design a methodology to optimize the initial structure of the 
molecular model in order to represent the experimental model. CHARMM force field 
was validated to predict peptide materials properties accurately.  The behavior of the 
elastic properties at different temperatures can be further investigated as well as the 
thermal stability of the system.  The ordered conformations in which the peptide 
subunits and nanotubes are self-assembled influence favorably the stability of the 
membrane. The result for the Young’s modulus is in good agreement with previous 
reported results for similar peptide nanotubes and protein crystalline systems. The yield 
behavior could be explained as a consequence of breaking the Hydrogen-bonds when 
applying the tensile strain deformation, this have to be further investigated. 
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CHAPTER IV 
TRANSPORT PROPERTIES UNDER NANOSCALE IN PEPTIDE 
NANOTUBES* 
 
 
4.1.  Overview 
 
The exploration of transport behavior and structure of fluids in nanoscale 
confinement is common to many systems and problems: water channels136,137, separation 
of multicomponent molecular mixtures138, biological channels139 and confinement effect 
on glass transition140. Nanoscale diffusion mechanism changes depending on the relative 
size of molecule and pores. The decrease in pore size leads to different modes of 
diffusion at molecular level: from a normal-mode to a transition-mode and then 
subsequently a single-file mode141. Understanding the change in structure and transport 
of fluids under nanoscale confinement conditions can contribute to design better nano-
fluidic devices and as well as help to understand biological function of cell membranes. 
Experimentally, it is necessary to have a defect-free nano-porous materials of 
known size and narrow size distribution in order to study nanoscale transport and 
confinement mechanisms142,143; however it is still very difficult and expensive to 
produce small inner diameter and uniform nano-pores on a macroscopic membranes. 
 Due to the channel structure and the interaction between channel and molecules, 
transport mechanism studies are essential to get fundamental insight of nanoscale 
transport phenomena. Fortunately, a similar but less complicated structure or model is 
always a good substitute to study its primary characteristic. Molecular dynamics (MD) is 
an efficient method to study molecular transport and confinement phenomena inside 
nano-pores such as zeolites, carbon nanotubes and biological channels.  
____________ 
*Part of this chapter is reprinted with permission from “Structure and Dynamics of Water Within 
Single Wall Carbon Nanotubes and Self-Assembled Cyclic Peptide Nanotubes” by Carvajal-Diaz, J. A., 
Liu, L. & Cagin, T.  Journal of Computational and Theoretical Nanoscience 6, 894-902 (2009). Copyright 
2009 by American Scientific Publishers. 
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MD can help to predict the new materials properties, contributing to optimize 
their rational design, while saving time and investment144. 
 
4.2.  Transport of water in single wall Carbon Nanotubes 
 
Carbon nanotubes (CNT) have uniform pore size and composition, with a quasi-
one-dimensional feature and continuously smooth walls. It has several promising 
applications for its interesting properties, such as selective molecular filter145, support 
material for catalyst146 and nanofluidic devices147 . It is also a good prototype for those 
more complicated channel structures, especially biological channels, and is amenable to 
study by MD method for its simplicity, stability and small size148.  
In 2001, Hummer et al. showed the potential application of single wall carbon 
nanotube as a water channel149. Although there were several other computational studies 
on carbon nanotubes published earlier, Hummer was the first to propose that 
hydrophobic carbon nanotube can serve as water channel. Mao and Sinnott later studied 
the dynamic flow and molecular diffusion of small organic molecule such as methane, 
ethane and ethylene150,143 and their mixture in carbon nanotube; and theoretically have 
shown the possibility of use of carbon nanotubes as membrane filters. Their study of 
diffusive flow through nanotubes shows that nanotube diameter has significant effect on 
molecular diffusion mechanism. If the molecules have strong interaction with nanotubes, 
the dynamics of flow will be further slowed down.  
 Walther et al. studied water and carbon nanotube energetics for solvated 
systems, i.e. water interaction with the external surfaces of nanotube151. Martí and 
Gordillo studied the temperature effect on static and dynamic behavior of water inside 
carbon nanotube152. They analyzed the distribution of hydrogen-bonding network, 
hydrogen and oxygen density in nanotube as a function of temperature. They have 
reported that there are no complex hydrogen-bond structures in narrow tubes.  
Several water transport models in carbon nanotube have been proposed 
prevously. In 2002, Berezhkovski and Hummer proposed the continuous-time random 
walk model 153 154. They used this model to describe the concerted motion of confined 
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molecules and calculate single-file transport properties. Zhou et al. proposed the one 
dimensional lattice gas model155, which has the same shortcoming as above model.  Zhu 
et al. proposed a collective diffusion model based on a statistical mechanics treatment156, 
this model is limited to single-file channels and it can be used to study equilibrium and 
non-equilibrium transport phenomena establishing the quantitative relationship between 
spontaneous water movement and pressure induced water flux; it provides an analysis 
tool for nanoscale transport phenomena. However, even though these studies have 
contributed, confined water behavior in nanopores is still far from being fully 
understood. Here, we present molecular dynamics simulations to study confined water 
transport, the results from confined water in CNTs is compared with CPNTs channels 
under the same simulation conditions.  
 
4.2.1.  Computational Details 
For the case of carbon nanotubes, armchair and zigzag nanotube membrane was 
constructed by hexagonally packing of identical carbon nanotubes. In the membrane, due 
to close packing, the gaps between tubes were so narrow that water molecules could not 
enter.  The nanotubes were fixed in space, the channels were initially empty and water 
molecules flowed into the nanotubes (from the reservoir domains) during the 
simulations. There were enough water molecules in the reservoir section of the 
simulation box, see Fig.4.1.; bulk water was always present away from the entrances of 
the nanotubes, this model can avoid the “image” effect between conducted water. 
 
                                      
Figure 4.1. Carbon Nanotubes in Water Simulation Box 
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For the cases of CNT armchair (n,n) and zigzag (n,0) chirality, two different 
length and several diameters were constructed for the analysis. The types of CNT 
studied in this work are listed in Table 4.1. where van der Waals diameter means the 
distance between van der Waals surfaces of carbon atoms along nanotube diameter.  
 
Table 4.1. Simulated Geometries of Carbon Nanotubes 
CNT 
geometry Length (Å) 
VDW diameter  
(Å) 
(6,6) 23.37 97.17 4.5 
(7,7) 23.37 97.17 5.9 
(8,8) 23.37 97.17 7.2 
(9,9) 23.37 97.17 8.6 
(10,10) 23.37 97.17 9.9 
(15,15) 23.37 97.17 16.8 
(10,0) 24.15 100.84 4.3 
(14,0) 24.15 100.84 7.4 
(16,0) 24.15 100.84 8.9 
(18,0) 24.15 100.84 10.5 
(26,0) 24.15 100.84 16.8 
 
 
All simulations were performed using NAMD2.5 and the CHARMM force 
fields, under constant temperature (300K) and constant pressure (1 atm = 1.013 bars) 
conditions. Model systems were run for 3 ns and the last 2 ns were used for analysis with 
coordinates recorded every 1 picosecond (ps). The nanotubes were constrained and just 
the water molecules were allowed to move. Time step of integration was 1fs. Periodic 
Boundary conditions were used. The SHAKE/RATTLE algorithm was imposed for 
fixing the O-H bonds during evaluating the equations of motions. For the interaction of 
waters transferable intermolecular potential (TIP3P) water model was employed and in 
evaluating electrostatic interactions Particle Mesh Ewald (PME) algorithm was used. 
After the equilibration of the system self-diffusion coefficient and dipole correlation 
functions were calculated. Self-diffusion coefficient calculation and hydrogen bond 
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analysis were based on 300 ps long simulation trajectory with the coordinates recorded 
every 50 fs in the NPT ensemble (300 K, 1.013 bars). Dipole moment study was based 
on 30 ps long simulation trajectory with coordinates recorded every 10fs.  
 
4.2.2 Results and Discussion 
The cross sectional views of equilibrium water configuration inside nanotube are 
shown in Fig 4.2. Water molecules form layer structure inside nanotubes  Fig 4.2. shows 
that a single-file water chain is occupying the pore of (6, 6) nanotube and water 
molecules, linked by hydrogen bonds, are cyclically stacking inside (8, 8) nanotube. 
Here the single-file water chain in (6, 6) nanotube is recognized as one layer whose 
radius is almost zero. 
 
 
Figure 4.2.  Cross-sectional view of Water Equilibrium Profile inside Armchair CNTs 
 
 
 
To characterize water configuration quantitatively, water radial distribution 
probability curve along nanotube radius is shown in Fig 4.3, while reduced water density 
distribution along nanotube axis is shown in fig 4.5. From Fig.4.3, water radial 
distribution probability curve inside (6, 6), (7, 7), (8, 8) nanotube are unimodal, which 
means water molecules form single layer structure inside these three types of nanotube. 
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 Dipole-dipole correlation function is calculated to further study water dynamics 
behavior inside nanotube as shown in Fig.4.8. Water dipole-dipole correlation functions 
in (6, 6), (7, 7) and (8, 8) nanotube decay slowly. While in (10, 10) nanotube and 
nanotube with larger diameter, water dipole-dipole correlation is limited within the next 
two neighbors. So with the increasing VDW diameter, the dipole-dipole correlation 
changes from long-range to short-range.  
 
 
Figure 4.8.   Dipole-dipole Autocorrelation Function (γ is the angle between dipole moments of water 
molecules that are separated by the distance r). Solid line Represents the dipole-dipole Correlation 
Function in 2.337 nm Nanotube and dash line is the result in 9.717nm Nanotube. 
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patterns are similar to those in armchair nanotube, which are not shown here. By 
examining the dipole correlation function, we found nanotube chirality does not affect 
the water reorientability, which is mainly determined by the available space in nanotube 
and the nanotube length. The comparison between self-diffusion coefficient of water in 
armchair and zigzag nanotube infers that chirality doesn’t affect water diffusion. 
 
4.3. Transport of Water in Cyclic Peptide Nanotubes  
Nature forms complex three-dimensional structures through spontaneous 
association of molecules termed “molecular self-assembly”. In this study, we will focus 
on peptide-based self-assembled nanotubes to study its transport properties. Here, we 
present the cyclic peptide nanotube designed by Ghadiri4 as alternate water channel, in 
order to compare its transport properties with equivalent sizes of carbon nanotubes 
(CNTs). The internal diameter of the nanotubes ranges between 7-8 Å and 13-15 Å and 
it can be controlled by changing the number of the amino acids in the cyclic peptide 
sequence14,4. 
Various applications were offered for these tubular structures. One of the first 
applications was based on their membrane interactions. As the cyclic peptide nanotubes 
are toxic to bacteria, they were demonstrated to serve as novel antibiotic agents15. Other 
potential applications include drug delivery, and application in material sciences, since 
new composite material can be formed by nucleation of inorganic materials into the 
peptide structures15. Structures consisting of eight13, ten17, and twelve157 cyclic peptide 
subunits form tubular structures with the diameter of the internal van der Waals pore 
estimated to be 7, 10, and 13 A°, respectively. These structures have been shown to be 
large enough to serve as a conduct for water16, function as size-selective ion and mediate 
the transport of biologically relevant molecules158,159. 
In 1995, Engels, Bashford and Ghadiri by the first time studied the dynamic 
behavior of water in self-Assembled peptide nanotubes16. They suggested that water 
diffusion could be understood as a series of “hops” between zones, which can cause 
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transient local deviations from the ideal number of water molecules in a zone. They also 
suggest longer simulations for a better estimation of the diffusion process in these 
nanotubes. Peptide nanotubes can be self-assemble into complex multimeric entities that 
constitute nanopores, or ‘‘barrel staves’’. Just like multi helix trans-membrane proteins, 
these nanopores result from the association of individual nanotubes through favorable 
interactions of their polar residues—constituting the hydrophilic interior of the pore—
whereas the no polar ones are exposed to the aliphatic chains that form the hydrophobic 
core of the lipid bilayer. The ability to tailor surface characteristics of the nanotubes by 
changing the amino acid side chain functionality enable the design of trans-membranes 
and nanochannels with competitive transport efficiencies compared with other common 
used materials. 
Both of the systems described previously, carbon nanotubes and cyclic peptide 
nanotubes present a uniform environment apart from the distinct character of their 
specific interactions with water. Carbon nanotubes have hydrophobic cylindrical core in 
contrast with the hydrophilic core structure presented by cyclic peptide nanotubes. In 
this study, we intended not only investigate the structural stability and dynamics of water 
in both types of nanotubes, but also analyze the most interesting factor: the influence of 
the interactions channel-water in the nanotubes on the diffusion properties of the water 
molecules. 
 
4.3.1.  Computational Details 
The same parameters and software as used in the CNTs case was used. For cyclic 
peptide nanotubes, structure is a β-sheet-like hydrogen bonded stacks of cyclic subunits.  
The starting tube was constructed according to the model proposed by Ghadiri13. 
Nanotubes with eight, ten and twelve amino acid residues were formed by cyclic [-(D- 
Ala-Gln-D-Ala-Glu)2-] subunits using the VMD visualization package and Matlab. The 
peptide membranes with different number of peptides lead different configurations of 
packing of tubes (with different diameters as well). Packing of CPNTs for two different 
diameters is shown in Fig. 4.10. Different diameters of CPNT are shown in Fig 4.11 
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Figure 4.10.   Two-dimensional Packing Arrays for 12-peptide and 8-peptide-based CPNTs. 
 
Figure 4.11.   Cross Sectional View of the Peptide Nanotubes 
 
4.3.2.  Results and Discussion 
For the case of Peptide nanotubes, the average water molecules of the 
octapeptide nanotube is 31.5, this result agrees with the results found by Engels and Co-
workers16. They found an average of 32.8 molecules in an octa-peptide nanotube of 10 
subunits, equilibrium water number for this system is shown in Fig.4.12. 
 
Figure 4.12.  Equibrium Number of Water in octa-CPNT 
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The peptide nanotube shows unimodal radial distribution probability of the water 
molecules, as seen in Fig.4.13., the water molecules form single layer structure inside 
the nanotubes for the case of small diameter, for larger diameter the radial distribution 
becomes more even and more molecules are founded in the tubular cavity.  
 
Figure 4.13.  Radial Distribution Probability and Reduced Density 
 
The reduce density along the nanotube shows the reduction of density of water 
molecules once they enter into the nanotube. Single file mechanism is suggested as 
transport mechanism for the octapeptide nanotubes; the water molecules are hopping 
along the axial direction under density difference as driving force. Inside the nanotube 
the interactions between the water molecules and the amino acids of the nanotube 
increases, the interactions slow down the motion of water molecules.  
The axial distribution of water in the nanotubes shows that there are more zones 
populated than others, see Fig.4.14., it occurs between the rings because the water 
molecules find more space available to move, and those zones are more hydrophilic than 
the alpha carbon plane due to the H-bonds presence. 
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Figure 4.14.  Occupancy of Water in CPNTs 
 
The molecular diffusion is analyzed through the time evolution of the mean square 
displacement (MSD), as described previously for the case of CNTs. See Fig. 4.15. 
 
Figure 4.15. MSD Curve for CPNTs 
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In Table 4.2 the calculated diffusion coefficients for equivalent diameters of 
CNT and Peptide Nanotubes are listed. All the values were higher for the case of the 
peptide nanotubes. 
 
Table 4.2. Comparison of Diffusion Coefficients for Water in CPNTs vs CNTs 
System Diameter (A) Diff. Coeff. (calc) 
(10-9 m2/s) 
Bulk water ----- 2.17 
12-peptide 14 1.23 
(15,15) CNT 15 0.41 
8-peptide 8.8 0.41 
(9,9) CNT 8.6 0.25 
(8,8) CNT 7.2 0.13 
 
These results verify the favorable character of peptide nanotubes due to their 
hydrophilic tubular core compared with the hydrophobic character of the tubular core of 
CNT. Peptide nanotubes can constitute promising materials in areas such biotechnology 
and biomedicine due to their nature and properties. 
The Probability of Hydrogen Bonds inside of peptide nanotube shows to be 
unimodal for octapeptide and the peaks tend to disappear for larger diameters, see Fig 
4.16. It is very similar to the probability of equivalent diameter of CNTs. Dipole-dipole 
autocorrelation function was also calculated to represent the re-orientability of the water 
molecules inside of the nanotube (γ is the angle between dipole moments of water 
molecules that are separated by the distance r). 
As in the case of CNTs when increasing the diameter, the hydrogen bond 
probability becomes more even and approach the bulk water behavior, as seen for the 
12-peptide/ring nanotubes in Fig. 4.16. This behaviour is expected because the water 
molecules have larger available space to complete the typical hydrogen bond distribution 
found in bulk water. For smaller diameters the water reorientation is restricted and water 
movement is limited due to confinement.  
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Figure 4.16.  Hydrogen Bond Probability in CPNTs 
 
Dipole-Dipole Correlations are shown in Fig. 4.17.; the curve decay faster for 
smaller diameters in CPNTs . Then, we can conclude that the correlations change from 
long range to short range when decreasing the diameter.  
 
Figure 4.17. Dipole-Dipole Autocorrelation Function in CPNTs 
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4.5 Summary  
 
For the case of CNTs, it was found that the water static behavior is dominated by 
the available space inside nanotube, which is directly related to the nanotube’s diameter. 
Chirality and nanotube length do not have a significant effect on water dynamics within 
the nanotubes. Results demonstrated that the effect of nanotube length is significant for 
transport properties of water in intermediate carbon nanotubes. Water self-diffusion 
coefficient and reorientability present significant changes in these intermediate 
nanotubes. However, nanotube chirality does not have any influence on water dynamic 
behavior. 
The transport of water was favored in peptide nanostructures compared with 
equivalent sizes of CNTs. The hydrophobic side chain interactions allow the aggregate 
to form a crystalline stable structure. 
The more hydrophilic zones of the nanotube are located between the rings and 
are the more populated zones of water molecules. The diffusion mechanisms of water in 
the octa-peptide nanotube correspond to single file diffusion.  The greater diffusion 
coefficients within cyclic peptide nanotubes is attributed to the hydrophilic character of 
the hollow tubular structure due to the high hydrogen bond density79. 
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CHAPTER V 
ELECTROPHORETIC TRANSPORT OF Na+ AND K+ 
IONS WITHIN CYCLIC PEPTIDE NANOTUBES 
 
 
5.1.  Overview 
 
Cyclic peptide nanotubes play an important role as potential candidates for 
artificial ion channels. Experimentally, it was shown that these hollow tubular structures 
will conduct ions at higher rates than natural ion channels and present an alternative to 
antibacterial agents for therapeutic applications17. Fernandez-Lopez et al. demonstrated, 
with experiments, that cyclic peptide nanotubes can induce the death of bacteria by 
forming nano-scale channels in its membrane15.  Additionally, by using coarse grained 
molecular dynamics simulations, the self-assembly of cyclic peptide nanotubes into lipid 
bilayer membranes was reported by Hwang et.al.160. Interesting possibilities to improve 
the selectivity and ion rectification exist for these artificial ion channels161. Due to the 
low molecular weight, d,l-peptides offer an attractive complement to the current natural 
antibiotics and represent new options against infectious diseases, bio-sensing and drug 
delivery applications. For this reason, it is important to understand the insights of ion 
transport mechanisms while engineering these artificial ion channels to be able to mimic 
and control the features found in biological channels. Furthermore, understanding ion 
transport in nano-channels is important to explore engineering applications in 
nanofluidics, as well as clarifying the role of intermolecular forces (between ions, water 
and the inner surface of channels) on transport properties under confinement effects.  
 Channels in cell membranes have been studied experimentally and theoretically 
in the past162. In particular, natural channels have been widely studied due to their 
importance in biological processes and their relation to many diseases; previous studies 
have focused mainly on natural ion channels, natural water channels (aquaporins) and 
other membrane transporter channels85. Two of the most important natural ion channels 
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are the gramicidin channel and the KcsA potassium channels. Gramicidin is known as a 
natural antibiotic because it can alter the electrochemical potential across cell 
membranes; this channel was studied by Neher and Sakmann163, who won the Nobel 
prize in Physiology and Medicine in 1991 for their studies. The KcsA potassium channel 
was study by Mackinnon164, Nobel prize in Chemistry 2003; in this channel the 
combined effects of the ion’s energy and the electrostatic field of the helix give rise to 
selectivity for monovalent cations.   Computational studies of ion transport in gramicidin 
have been reported by Mackay et al.165, Jordan et al.166,167, Roux et al168, Chiu et al.169 
among many others. For the case of KcsA channel, Fowler et al. investigated K+ 
selectivity via molecular dynamics (MD)170, Noskov et al. studied the effect of carbonyl 
groups171 and hydration172 in K+ selectivity via molecular dynamics, Cordero-Morales et 
al. studied the molecular driving forces important in the KcsA inactivation mechanisms 
via MD simulations173; other computational studies have also contributed to 
understanding the mechanisms of transport in the KcsA channel87,174-176. On the other 
hand,   continuum dynamics methods have been used to study ion transport in 
membranes with the Poisson-Nernst-Plank (PNP) theory82,177,178; however to study 
nanofluidic transport in scales smaller than 5 nm, molecular dynamics methods are 
generally preferred due to different confinement effects179.  
Molecular dynamics simulation is one of the best methods available to elucidate 
ion channel mechanisms; however, in order to achieve a complete description, it is 
necessary to design simulations that are long enough to observe ion translocation. Also, 
it is important to choose a realistic and appropriate potential function to represent the 
ion-channel, ion-solvent and solvent-channel interactions properly and ideally the 
influence of typical potentials across cell membranes have to be included for a complete 
representation. Molecular dynamic simulations have revealed key information and 
principles about selectivity and transport in membrane channels, this technique provides 
details that are currently not easy to obtain experimentally due to the spatial and 
temporal resolution required for the analysis.  
Previously, Lynden-Bell et al.180 studied transport properties of ions and 
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uncharged molecules in nano-channels; they investigated the influence of water in ion 
transport at room temperature and calculated free energy profiles for different diameters 
of the channel. His work suggested that ion dynamics inside nanopores is affected by the 
non-uniform water density distribution and ionic hydration. Quiao et al.181 carried out 
molecular dynamics simulations of electro-osmotic transport of NaCl solutions in carbon 
nanotubes (CNTs) with different surface charges. They observed that the dependence of 
electro-osmotic transport on the surface charge was significantly different from the 
results obtained using conventional continuum theories. Tang et al. reported molecular 
dynamics simulations for the transport properties of KCl electrolyte solutions in a 
nanopore, showing the influence of confinement through the decrease of ion hydration as 
well as in hydrogen bonding and a strong influence of electric field magnitude in the 
orientation of water molecules182. Dzubiela et al. conducted MD simulations of water 
and ion permeation controlled with applied electric fields through a nanopore183; they 
found that the transport, density and structure of water are highly dependent on the field 
intensity. Hu et al.84 studied the electrophoresis of water and ions in protein crystals via 
non-equilibrium molecular dynamics; the effect of electric field in coordination numbers 
of ions and stability of the protein crystals was reported.  
Studies including the effect of electric field in membrane channels are important 
because the permeability and diffusion rate of molecules can be enhanced and 
manipulated. This enhancement has been proposed for potential applications like drug 
delivery, cancer treatment and gene therapy84. Then, the study of ion transport under the 
influence of electric field can lead us to possible manipulation of ion rates as well as 
induced open-closed states for the artificial ion channels. 
The first work in which cyclic peptide nanotubes were considered as artificial ion 
channels was reported in 1994 by Ghadiri et al.17. They measured ion channel 
conductance for Na+ and K+ to be up to three times faster compared with the 
Gramicidin channel. The first computational studies on ion transport in peptide 
nanotubes were reported in 2006 by Hwang et al.; this group performed steered 
molecular dynamics simulations where the potential of mean force for a single ion 
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passing through CPNTs was calculated. The results showed energy barriers of around 
2.4 kcal/mol at the channel entrances and energy wells in the middle of the tube81. In 
addition, they also studied ionic transport in CPNTs with sequences of eight and ten 
cyclo[(-l-Trp-d-Leu-)4] using the PNP continuum theory.  The results indicated 
agreement of ion currents curves, compared with experiments for low ion concentration, 
and overestimation for high concentrations82; in addition, limitations of PNP theory for 
these systems were discussed. Dehez et al. studied free energy profiles for one sodium 
ion transported in a peptide nanotube. It was found that the ion permeation depends on 
the nanotube structure and the location of the open-end of the channel with respect to the 
membrane surface where it is inserted184.  
In this chapter, the theoretical investigation of cyclic peptide nanotubes as 
candidates for artificial ion channels is investigated via molecular dynamics simulations; 
dynamic properties for transport of Na+ and K+ are studied through statistical 
thermodynamics analysis (mean square deviation curves), and structural analysis was 
performed via radial distribution functions and the estimation of coordination numbers; 
additionally, the influence of electric field  and temperature in the motion and hydration 
of ions within these CPNTs was investigated for the first time to the best of our 
knowledge. 
 
5.2.  Computational Details 
 
The cyclic peptide nanotubes model was constructed in agreement with the 12-
peptide/ring model synthesized by Ghadiri et al.4. These peptide tubes present a radius of 
13 Å and a channel length of 37 Å. The tubes were solvated in a 0.5 M solution of NaCl 
and KCl respectively. Periodic boundary conditions were used in all directions. The 
long-range electrostatic interactions were evaluated using the Particle Mesh-Ewald 
(PME) method. Simulations were performed using the NAMD2.6 software with the 
CHARMM force field. The system was initially minimized, and then it was equilibrated 
using NPT dynamics at 300K and 1Bar for 0.5 ns. Finally the electric field was applied 
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 For the calculation of the diffusion coefficients, first the z coordinates are 
recorded for all ions during the simulation. The analysis is carried out with the z 
coordinates values inside the nanotubes through translocation times.  The MSDs are 
averaged over the total number of permeation events. Results are shown in Fig. 5.3. The 
calculated diffusion coefficients are given in Table 5-3 below. 
 
Table 5.3. Diffusion Coefficients at Different Electric Fields for Na+ and K+ Transport at 300K 
Efield (V/nm) DNa+ ( 10-9 m2/s) DK+ (10-9 m2/s) 
0.1 0.0001  ND 
0.2 0.0007  0.0009 
0.3 0.0183 0.0016 
0.4 0.0526 0.0205 
0.5 0.0895 0.0699 
 
 
5.5.       Current – Voltage (I-V) Relation 
  
 Current-voltage curves can be obtained from the MD simulations. The ionic 
current is calculated as described in the equation below, the charge (qi) and position (zi) 
coordinates are recorded from the MD trajectory:  
 
1
1( ) [ ( ) ( )]
N
i i i
iz
I t q z t t z t
tL =
= + Δ −Δ ∑         (5-3) 
 
To compute an average current, we first integrate the instantaneous current I(t) to 
produce a cumulative current curve as in the method proposed by Schulten et. al.187. 
The current voltage relation for Na+ ion, Fig.5.9, shows that for higher electric 
fields the current value increases exponentially and more ions go through the peptide 
nanotubes with time. Values are reported in Table 5.4.  
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fields for design and manipulation.  Selectivity for cations was observed for all 
simulations. The chlorine ions did not go through the peptide nanotubes. Then, counter-
ion interactions are eliminated in these systems and the channel can transport higher 
number of positive ions. This may be explained as a consequence of a strong repulsion 
force experienced by the anion due to the oxygen present in the backbone of the rings 
forming the nanotube.  
One of the limitations of using molecular dynamics for ion channels studies is 
that long simulations are required (at least 10 ns) to observe ion transport through the 
nanochannel. No experimental data has been reported for these peptide nanotubes; 
however the calculated diffusion constants are in the same order of magnitude compared 
with previous reported values for similar diameter of protein crystals84. 
With the aim of studying the ion-channel interaction under the effect of different 
electric fields, the radial distribution functions between the oxygens of water and ion 
within the CPNTs and coordination numbers were analyzed. The first and second peaks 
in the radial of the ions-water distribution functions were reduced when external electric 
fields applied. However, the position of the peaks was unaltered, and no effect was 
observed on the coordination number. This can be explained as a result of the larger 
diameter of the 12-peptide nanotube studied here. As indicated in Chapter III, this 
diameter of the peptide nanotube approaches bulk behavior, and there is enough free 
space available to achieve larger densities of water inside the nanotube compared with 
the octa and deca-peptide nanotubes. In smaller channels the effect in coordination 
number can be expected to be more noticeable due to confinement effects. 
  The 12-peptide/ring nanotube studied here has proved to work as an artificial 
ion channel and will have larger available space for the transport of molecules and 
biosensing applications while still keeping important inner-surface electrostatic forces, 
important for selectivity. These results provide insights about ionic transport in CPNTs 
and are expected to contribute to future manipulation of transport rates for biotechnology 
applications of these artificial ion channels. 
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CHAPTER VI 
MOLECULAR ORGANIZATION OF PHENYLALANINE (F) DIPEPTIDES 
NANOSTRUCTURES 
 
 
6.1.  Importance of Phenylalanine Peptide Nanostructures 
 
The phenylalanine dipeptide is the core recognition motif of the Alzheimer’s β-
amyloid, it can also self-assemble into stable peptide nanostructures with different 
morphologies36.  Because of this , it has become one of the most important and recently 
studied peptide building blocks. 
 In 2003, while investigating the tendency of short aromatic peptides to form 
amyloid fibrils, Gazit et.al discovered that stable and stiff peptide nanotubes were 
formed from phenylalanine dipeptides21  (NH2-Phe-Phe-COOH).  This research group 
also suggested that aromatic interactions play an important role in the self-assembly 
process and  can favor stable molecular organization of peptides into amyloid fibrils188. 
The phenylalanine dipeptide (FF) nanotube was first synthetized by dissolving the 
diphenylalanine peptide monomer in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at high 
concentrations (≥100mg/mL) and then diluting this into an aqueous solution at a final 
μM concentration range; fast assembly was observed21.   
An alternative method avoiding the use of the fluorinated alcohol was proposed by 
Song and co-workers in 2004; first a lyophilized dipeptide (HN2-D-Phe-D-Phe-COOH) 
was dissolved in 5 mL water at 65 °C; the solution was equilibrated for 30 min and then 
gradually cooled down to room temperature. They also demonstrated that the 
concentration of the building peptides plays a key role in the final nanostructure 
morphology, when for diluted solutions, vesicles were observed in addition to the 
nanotubes189, see Fig. 6.1.   
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assembled arrays of aligned peptide nanotubes, which showed how peptide nanotubes 
can easily be produced at larger scales as well as their potential to be used to develop 
highly hydrophobic self-cleaning coatings, new electrodes for energy storage 
applications, and microfluidic chips42. 
 
6.1.1. Molecular Organization of FF Nanotubes 
The molecular organization of FF nanotubes is not completely understood yet.  This 
problem is particularly important because the molecular forces stabilizing these 
nanotubes and directing the self-assembly may be related to the forces present in 
amyloids.  Transmission Electron Microscopy (TEM) studies indicated that the 
structures of FF nanotubes were well-ordered elongated nanotubes with no branching 
and low content of amorphous aggregates (<1%), which is in contrast to other peptide 
aggregates in which a mixture of ordered and aggregated structures are frequently 
observed. Görbitz determined X-ray powder diffraction patterns for FF nanotubes and 
proposed a tentative model for their molecular structure. In his model, the  aromatic 
groups generate a three-dimensional aromatic stacking arrangement  serving as a glue 
between the hydrogen-bonded cylinders of peptide main chains47. It was also suggested 
that exceptional strength could result from the laminated construction of the peptide 
nanotube. However, the exact configuration of the inner dipeptide arrangement into 
nanotube crystals suggested in the model proposed by Gorbitz has not been well 
elucidated yet47.  In this model, six diphenylalanines form each tube in the crystal with 
the aromatic groups pointing outward and the peptide termini  pointing toward the center 
of the tube . The crystalline information suggests that it could be possible to use only 
two diphenylalanines as the tube’s thickness to create the peptide nanotube194.   
In this research work, different configurations and orientations of the phenylalanine 
dipeptide, leading to stable tubular structures, were investigated. A geometrical search 
combined with fist principle molecular simulations were used to optimize parameters 
that have resulted in a stable structure. The thermal stability was also explored by NVT 
and NPT molecular dynamics simulations. 
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6.2. Computational Details                                                                                                                            
All simulations were performed using NAMD2.6 and the CHARMM force field. 
Time step of integration was 1fs. The SHAKE/RATTLE algorithm was imposed for 
fixing the O-H bonds during evaluating the equations of motions. For the evaluation of 
electrostatic interactions Particle Mesh Ewald (PME) algorithm was used. 
 
6.3. Two-dimensional Structures from Phenylalanine  
 
6.3.1. Sheet Configurations of Phenylalanine Dipeptide 
The basic peptide subunit was built from two dipeptide monomeric blocks and the 
dipeptides were arranged in accordance with an optimized model reported previously194.  
Two dimensional planar sheets where built by defining the position of the center of mass 
of each subunit along a sheet characterized by the parameters (n, m, a, b, and β ) ; where 
a is the unit cell lattice value in x direction, b is the unit cell lattice value in y direction, n 
and m are the number of repetitive units in x  and y direction respectively and β  is the 
angle between the unit vectors along the unit cell  lattice directions. After assigning 
different a,b values and performing an initial molecular minimization, the optimized unit 
cell lattice values were calculated,  the values found are a=6.8 Å and b=10.1 Å, which 
are in close agreement with a previous study194.  The angle β  was kept equal to 90 
degrees. In Fig. 6.2. below is shown the planar structure for the optimized lattice; the 
different parameters assigned and final energies are shown in Table.6.1.  
 
Table  6.1. Sheet Configuration Parameters for di-Phenylalanine 
Parameter System A System B System C  (optimized) 
a (Å) 7.0 7.0 6.8 
b (Å) 10.1 9.8 10.1 
Energy/unit cell  (Kcal/mol) -99.94 -138.65 -148.77 
 
 
After minimization, only the optimized system rearranged in a uniform lattice, in 
the A and B systems, described in Table 6.1. the unit cells did not show a compact 
cking as in 
ergy/unit cel
 
3.2. Ring Co
Planar r
ometry, two 
hich the unit
cond, with th
e Fig 6.3. bel
 
The rin
ll to a point 
jacent units 
ere applied to
the optimi
l.   
Figure
nfiguration
ing conform
different or
 cell contai
e peptide b
ow.  
Figure 6.3.
gs were bui
along the rin
cells in the
 the coordi
zed system
 6.2. Molecula
s of Phenyl
ations from
ientations o
ns the dipe
ackbones pe
  Two Differen
lt by assigni
g with para
 ring and r 
nates of all 
. Also, this
r Structure for
alanine Dip
 the describ
f the peptide
ptides paral
rpendicular
  
t Orientations
ng the posit
meters ( l, a
is the radiu
atoms conta
 system ha
 2-D Sheet fro
eptide 
ed unit cell 
 backbone 
lel to the z
 to the z ax
 of the Phe-Ph
ions for the
nd r ), wher
s, translatio
ined in the 
d the lowe
 
m Phe 
were also s
were used, 
 axis of th
is of the rin
e Unit Cell 
 center of m
e l is the sp
n and rotat
cell. As in 
st normaliz
tudied; for t
the first one
e ring and 
g, as shown
ass of the u
acing betwe
ion operatio
the 2-D plan
78
ed 
his 
 in 
the 
 in 
nit 
en 
ns 
ar 
 she
con
ass
the
=n
new
(th
rad
Tab
 
 
des
fou
stru
et case, th
figuration a
igned first, 
 number of
0/2 θπ∗ , t
 coordinate
is step is re
ius of 25 Å 
 
le 6.2. Ring C
 
 
The fin
troyed after
nd for r=25
ctures for th
 
Figur
ese param
nd an orde
calculating 
 segments 
hen coordin
s (x,y), wh
peated for a
and the opti
onfiguration P
al structure
 minimizati
 Å when 1
e three syst
e 6.4.  Molecu
System 
1 
2 
3 
eters were 
red peptide
the angle co
(unit cells)
ates translat
ere: corx ∗=
ll n unit ce
mized struct
arameters for 
 of the sys
on; a stable
4 units wer
ems before 
lar structure be
l (Å) n
7.85 2
8.73 1
11.22 1
optimized 
 arrangeme
rrespondin
 that will b
ed and rotat
)*s( 0 kθ  , y =
lls).  Table 
ure (system
di-Phenylalani
tem numbe
 structure c
e equally d
and after the
fore (up) and 
  Energy/
0 
8 
4 
in order t
nt within th
g to the circ
e forming 
ed for all at
)*sin( 0 kr θ∗
6.2 list the 
 3).  
ne 
r 1 (see Ta
onfiguration
istributed in
 minimizati
after (down) e
cell (Kcal*mo
-111.5 
-88.06 
-141.9 
o obtain a
e ring. The
ular segme
the ring is
oms in the 
 and k is th
configuratio
ble 6.2.) w
 after the s
 the ring. 
on are show
 
nergy minimiz
l-1) 
 low ener
 positions 
nt rl /0 =θ  a
 calculated 
unit cell to 
e unit numb
ns studied 
as complet
imulation w
The molecu
n in Fig. 6.4
ation. 
79
gy 
are 
nd 
as 
the 
er 
for 
ely 
as 
lar 
.  
 wa
min
 
 
6.4
 
fou
Aft
fou
tub
nan
of 
phe
 
Additio
ll peptide 
imization, s
Figure
. Peptide
The tub
r rings were
er taking th
r rings, the
es, periodic
otubes. The
three differ
nylalanine n
Fig
nally, doubl
rings or n
ee Fig.6.5. 
 6.5.  Molecu
 Nanotube 
ular structu
 stacked al
e optimized
 minimizati
 boundary 
 peptide ba
ent diamete
anotubes ar
ure 6.6. Optim
e layer ring
anotubes. T
This instabil
lar Structure b
Structures 
res were co
ong z direct
 ring structu
on leaded 
conditions 
ckbone orie
rs (25 Å, 5
e shown in 
ized Tubular S
s were creat
he double 
ity needs to
 
 
efore (left) and
from Pheny
nstructed as
ion to check
re and optim
to a stable 
were applie
ntated in a h
0 Å and 1
Fig.6.6: 
tructures for R
ed to explo
layer stru
 be further e
 after (right) E
lalanine 
 stacking of
 the stabili
izing the tu
configuratio
d in z dire
elical distri
00 Å ); str
adius of 25 Å
re the feasib
cture was 
xplored.  
 
nergy Minimi
 the planar 
ty of the tub
bular struct
n. After ob
ction to rep
bution, afte
uctures for 
, 50 Å and 10
ility of dou
unstable af
zation 
rings; two a
ular structu
ure formed 
taining sta
resent infin
r minimizati
the optimiz
0 Å  
80
ble 
ter 
nd 
re.  
by 
ble 
ite 
on 
ed 
 
 bac
the
and
rep
F
After m
kbone. All 
 NPT ensem
 the CHAR
licated infin
 
F
ig. 6.8 show
inimization
three tubes 
ble during
MM force 
itely in z dir
igure 6.7. Ene
s the optimi
Figure 6.8. Op
, the three t
remained sta
molecular 
field. Period
ection. Min
rgy Minimizat
zed structur
timized Tubu
ubes showe
ble after m
dynamics si
ic boundar
imization cu
ion Curves for
 
es for the th
 
 
lar Structures 
d a helical 
inimization 
mulations p
y conditions
rves are sho
 
 25 Å, 50 Å an
ree diameter
for r= 25 Å, 50
distribution 
for 50 ps (5
erformed w
 were used
wn in Fig.6
d 100 Å  tube
s 25 Å, 50 Å
 Å and 100 Å
of the pept
0000 steps)
ith NAMD
; the tube w
.7. 
 
s 
 and 100 Å
 
 
81
ide 
 in 
2.6 
as 
. 
 len
con
wo
stru
ben
 
Ch
wit
spe
the
The nor
gths of the n
 
In ord
ditions app
uld be the c
cture witho
ding modul
irality analy
The po
h respect t
cified in Ta
 ring numbe
malized ene
anotubes. R
Figure 6.9. S
er to perfo
lied, it is nec
orrect numb
ut introduc
us, using the
sis for the p
sition of an
o the origin
ble 6.2., wa
r (which is 
rgy was cal
esults are p
train Energy a
rm molecu
essary to an
er of rings
ing strain t
 method de
henylalanin
 individual 
al angle fo
s plotted. T
proportiona
culated for 
lot in Fig.6.9
s Function of 
 
lar dynami
alyze the ch
 in z directi
o the syste
scribed by G
e dipeptide
phenylalanin
r the Ring
here was a 
l to the Z c
the three dif
. 
1/R2 for Bend
cs with co
irality of th
on that will
m. A preli
ao120, gives
 nanotube
e peptide w
 configurat
linear relati
oordinate). I
ferent diam
 
ing Modulus 
rrect perio
e tube and d
 match the 
minary calc
 κ = 7.1 GP
as tracked
ion of syste
on between
n Fig. 6.10 
eters and th
dic bound
etermine w
helicity of 
ulation of 
a. 
 and the an
m number 
 the angle a
are shown 
82
ree 
ary 
hat 
the 
the 
gle 
1, 
nd 
the 
 stru
coo
 
F
cal
arr
trac
eac
ctures and 
rdinate for 
Figu
igure 6.11. C
When 
culations le
angement (s
king the ce
h unit cell w
Fig.6.11 sh
the FF-nano
re 6.10. Orien
hange in Angu
tracking the
ad to struct
ee purple, w
nter of mas
as calculate
ow the abso
tubes; where
tation for Repe
lar Position of
 dipeptide 
ures where 
hite, red pa
s for the dip
d, for the ca
lute values
 rmin=(x2+y
titive Unit of 
 
 Unit Cell alon
 
unit cell a
the orienta
irs in the mi
eptide syste
se of r=25 Å
 of the ang
2)0.5 and θZ=
25 Å, 50 Å and
g z Direction 
long the tu
tion of pept
ddle of the 
m, an incre
.  
ular increas
asin(y/r). 
 100 Å Nanot
 
for r= 25 Å, 5
be, energy
ides is mai
FF tube in F
ase of 6.5 d
e versus the
ubes 
0 Å and 100 Å
 minimizati
ntained in 
ig.6.12. Wh
egrees/ring 
83
 z 
 
  
on 
the 
en 
for 
  
6.5
 
to 
par
and
of 
the
sol
eff
how
fro
see
.   Thermal
Simulat
investigate t
ameter forc
 r=50 Å cas
units, the co
rmal stabili
ution, and u
ect of temp
ever the pe
m NPT dyn
n in the Fig
 
Figure 6.
 Figure 
 Stability of
ions were c
hermal stab
e field. From
es,  a linear
rrelation fo
ty of pheny
p to 150*C 
erature in 
rfect patter
amics show
. 6.13 below
13. Increase in
6.12. Chirality
 Phenylalan
arried out in
ility. The so
 the variat
 behavior is
und is almo
lalanine di-
in dry condi
the simulat
n organizati
 a linear inc
.  The calcu
 Energy with T
 along Peptide
ine Nanotu
 the NPT en
ftware used
ion of the e
 observed an
st identical 
peptide (FF
tions, was r
ions, the tu
on is disrup
rease of the
lated heat ca
emperature fo
 Nanotube for
bes 
semble at th
 was NAM
nergy vs te
d after norm
for both ca
) nanotube
eported. In g
bes keep t
ted for high
 total energ
pacity was 
r Radius of 25
 r= 25 Å 
ree differen
D2.6 with t
mperature f
alizing the
ses.  In the 
s up to 90*
eneral, afte
he hollow 
 temperatur
y with the 
Cp=0.4644 K
 Å and 50 Å N
 
t temperatu
he CHARM
or the r=25
 energy vs N
experiments
C in aqueo
r including 
conformati
es. The resu
temperature
cal/mol-K.
 
anotubes 
84
res 
M 
 Å 
o. 
34, 
us 
the 
on; 
lts 
 as 
   
 par
afte
val
inf
Fig. 6.
ameters vs 
r 0.5 ns  
 
Figure 6.14
The the
ues obtained
luencing the
 
Figur
14 shows t
the number 
. Change in L
rmal stabili
 from NPT 
 results. Com
e 6.15. Compa
he total en
of steps. It s
attice Constan
ty was also
dynamics a
parison of 
rison between
ergy after e
hows how 
t Values in the
 
 studied usi
nd to observ
results in sh
NPT (left) and
quilibration
the volume 
 
 NPT Ensemb
ng the NVT
e if the cha
own in Fig.
 NVT (right)
 and the c
of the unit c
le for 100K, 2
 ensemble 
nge of cell p
 6.15. 
Simulations, r=
hange of c
ell is preser
00K, 300K  
to confirm 
arameters w
 
25 A 
85
ell 
ve 
the 
as 
 em
NV
stru
fro
sm
 
 
tem
To furt
ployed thro
T equilibri
ctures were
m Fig.6.16,
aller compar
 
Fig
In Fig.6
peratures ar
 
Fig
her investi
ugh gradual
um simula
 kept stabl
 obtained a
ed with the 
ure 6.16. Tot
.17, the axia
e shown, th
ure 6.17. Fina
gate the th
ly increasin
tions. The 
e up to 400
fter correlat
previous va
al Energy after
l views of t
e structure w
l Equilibrated
ermal stabi
g the temp
obtained re
K, in agree
ion of the 
lue calculate
 Slow Heating
he phenylala
as ordered 
 Structures at D
lity, a slow
erature first
sults are m
ment with 
total energy
d in NPT si
 
 of Peptide Na
nine after e
up to about 
ifferent Temp
 heating p
 and then p
ore stable
experiments
 with temp
mulations.  
notubes, r=25
quilibration
400 K.  
eratures, r=25
rocedure w
erforming 
 and order
34.  The slo
erature is 8
 Å 
 at different 
 
 A 
86
as 
the 
ed 
pe 
% 
 Fig
tem
as 
uni
ang
 
6.6
to 
stab
inte
dia
dif
fou
nan
The eff
.6.18. show
perature in
the tempera
ts together 
le cutoff wa
 
Figure 6.
.  Summary
A two 
be stable an
le structura
ractions. T
meters. Add
ferent therm
nd to be sta
otube decre
ect of temp
s how the
creases; this
ture increase
in the nanot
s 2 Å.  
18. Effect of T
 
dimensional
d nanotube
l stability. 
he dipeptid
itionally, th
odynamic e
ble up to 4
ased as the 
erature on th
 number o
 can be rela
s,  H-bonds
ubes. The d
emperature on
 ring config
s models of
The tubes 
e subunits 
ermal stabi
nsembles (
00K in agre
temperature
e number o
f hydrogen
ted to the lo
 play an im
onor accep
 Hydrogen-bo
uration of t
 different d
are kept sta
formed a h
lity was ex
NPT &NVT
ement with
was raised, 
 
f hydrogen
 bonds (H
ss of stabil
portant role
tor distance
nding in Pepti
he phenylal
iameters we
ble through
elical patter
plored usin
 ). After sl
 experiment
explaining t
 bonds was 
-bonds) dec
ity in the tu
 in keeping
 used was 3
 
de Nanotube f
anine dipept
re successf
 aromatic a
n along the
g MD simu
ow heating 
al reports. H
he loss in it
also analyz
reases as 
bular structu
 the dipeptid
 Å    and 
or r=25Å 
ide was fou
ully built w
nd H-bond
 tubes for 
lations in t
the tubes w
-bonds in 
s stability. 
87
ed. 
the 
re 
es 
the 
nd 
ith 
ing 
all 
wo 
ere 
the 
 88
CHAPTER VII 
CONCLUSIONS 
 
7.1. Summary  
 
  Peptide Nanostructures are mechanically stable materials with various 
possibilities to be studied and a promising number of applications in biomedicine and 
bio-nanotechnology. Hence, the study of their properties by theoretical and experimental 
methods will contribute to the rational design of these novel materials. This work has 
been focused on peptide nanotubes as models for peptide nanostructures.  
  First, an efficient optimization strategy has been established, we successfully 
obtained an initial model of D,L cyclic peptide nanotubes, which is consistent with the 
experimental  result. The CHARMM force field was validated and demonstrated to 
predict peptide materials and structure accurately. 
  The mechanical properties for cyclic peptide nanotubes were calculated by 
combining non-linear elasticity theories, a homogeneous deformation method and 
molecular dynamics for a complete consideration of the system’s anisotropic nature. The 
result for the Young’s modulus is in agreement with previous reported results for similar 
peptide nanotubes and protein crystalline systems. Yield behavior was observed for high 
strain values and could be explained as a consequence of breaking the hydrogen bonds 
when applying values of tensile strains above 6%. The anisotropy of the cyclic peptide 
nanotubes was confirmed through the obtained values for elastic constants. The C33 
value is remarkable higher compared with the C11 and C22 values; this is in agreement 
with the fact that the tube is stabilized through hydrogen bond interactions longitudinally 
and that hydrophobic interactions between the tubes are weaker.  
  Additionally, the results from transport of water under confined conditions for 
carbon nanotubes (CNTs) and cyclic peptide nanotubes (CPNTs) as channel models 
indicated that water transport is indeed influenced by confinement. The transport of 
water was favored in CPNTs compared with equivalent sizes of CNTs due the 
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hydrophilic character of the hollow tubular zones of the peptide nanotube. Different 
diameters were studied for both systems and the density distribution function and dipole 
time correlations functions showed how the water molecules reduce the possibilities for 
hydrogen bond structure in confined spaces. For the smaller diameter, single file 
diffusion of water was observed while for larger diameters, bulk transport behavior was 
approached. This tendency was observed for both channels.  
  In order to explore the potential application of cyclic peptide nanotubes as 
artificial ion channels for transmembrane transport and other nano-transporter 
applications, the transport of Na+ and K+ ions under the influence of electric field was 
studied. The transport of ions across nanochannels is a complex problem with a high 
number of degrees of freedom. The channel-ion, Ion-water, channel-water interactions 
play important roles in the transport mechanisms. Also, the transmembrane potential, 
which can be represented in terms of an external electric field along the channel, can 
influence these interactions and polarize water and channel to induce gating and alter the 
transport properties. However, these effects were not accounted for in this work, because 
it is necessary to have a potential functions that precisely includes many-body 
polarization effects. These force field limitations should be addressed in future research. 
Here, we have studied the influence of electric field in the ion-water interactions and in 
the diffusion rates for two different systems. We observed selective transport for cations 
through the peptide nanotubes, the Cl- ions stayed in the bulk water cavities and did not 
diffuse into the nanotubes, and this selectivity was explained as a consequence of 
electrostatic repulsions due to the negative carbonyl oxygen present in the inner surface 
of the peptide nanotube. This kind of selectivity has been previously observed in 
channels like Gramicidin.  
   The diffusion rates calculated through mean square deviations indicated that the 
electric field accelerates the transport of ions but do not have any significant effect in the 
hydration number for Na+ and K+. However, a small effect was observed in the 
maximum value of the radial distribution functions. Also, when exploring the 
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temperature effect on the diffusion rates, it was observed that an increase in temperature 
also increases the rate at which ions move along the tube, as expected.  
  Finally, stable molecular models for nanotubes, with different diameter, from 
non-bonded phenylalanine dipeptide chains were successfully optimized; these 
nanotubes are stabilized through π-π aromatic interactions and hydrogen bonding that 
lead to helical organization of the dipeptide subunits.  Thermal stability results agree 
with previous experimental reports; the nanotubes are stable up to around 400K and for 
higher temperatures the hydrogen bonding decreases drastically and the dipeptides lose 
their organization pattern.  
 
7.2   Recommendations  
 
Experimental and theoretical studies have significantly increased the knowledge 
in the area of peptide nano-materials in the last two decades. However, many properties 
and characteristics are still not fully understood. Opportunities  for theoretical studies on 
peptide nanoscale properties such as stability in different solvents, transport dynamics, 
deformation properties, energy landscapes and  inter and intra-molecular forces 
important for stability, are still open. Based on the research presented in this dissertation, 
future research could focus on:  
 
1. Molecular transport with Cyclic Peptide Nanotubes:  An interesting problem is 
the molecular transport of relevant molecules, like glucose, across the cyclic 
peptide nanotubes. Previous experimental studies have proved that these 
nanotubes will transport glucose195; furthermore, recently experimental and 
theoretical studies investigated the transport for the anti-tumor drug 5-
Fluorouracil196 within cyclic peptide nanotubes. An initial model was prepared 
and preliminary equilibration simulations were performed. See Fig.7.1 below 
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APPENDIX A 
EDUCATIONAL SECTION: INTRODUCING MOLECULAR 
SIMULATION TO UNDERGRADUATES IN CHEMICAL ENGINEERING 
VIA INTERLINKED CURRICULUM COMPONENTS (ICCs) 
   
 
A.1. Overview  
   
As a part of a departmental curriculum reform project supported by the National 
Science Foundation, the Chemical Engineering Department at Texas A&M University is 
in the process of constructing web based interlinked curriculum components (ICCs) to 
strengthen unity and coherence of the curriculum and to introduce new content, reinforce 
the conceptual framework, and demonstrate the framework’s application to emerging 
technological areas. These varied uses of ICCs can support broader reform efforts to 
make instruction more interactive and learner-centered.  
Conventionally process analysis and design have played a substantial role in 
chemical engineering education and practice. Nowadays, due to emergence of new 
fields; such as nanotechnology, biotechnology and their applications, understanding the 
molecular level driving forces behind chemical, biological and materials processing have 
become important for chemical engineers of today and future; starting from fundamental 
theories of materials and chemicals in small scales has motivated to include molecular 
level theories and methods of modeling in education of chemical engineers. This chapter 
will describe efforts and progress in construction of a web-based molecular modeling 
and simulation module as an interlinked curriculum component (ICC) for chemical 
engineering. The updated version of the module can be found at alcheme.tamu.edu 
(ICC4).  
While introducing the students to basic ingredients of molecular modeling and 
simulation, the Molecular Modeling and Simulation ICC, also addresses the connection 
to fundamental laws of conservation (energy, momentum and mass balances) and draws 
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attention to molecular level foundations of statistical thermodynamics, transport (mass, 
heat and flow) and chemical kinetics.  Therefore it may be used in several chemical 
engineering courses from sophomore level to senior. Topics covered are relevant in 
traditional areas of chemical engineering as well as emerging fields such as the design of 
nanomaterials, sensors, drug delivery systems, membranes, novel catalysts, surface and 
interfaces, phase equilibria in nano-systems and flow in nano-scale confinement, among 
other problems.  Through simple examples linked in the web based interactive materials, 
the expected outcome of this ICC is to provide a learning tool for chemical engineering 
students to gain basic knowledge of molecular level modeling and simulation methods.   
Introduction of molecular simulation to the chemical engineering curriculum has 
been a recent topic of discussion in the academia1. In the past two decades several 
chemical engineering departments have introduced courses at the graduate level2, 
including this department.  In the light of Curriculum Reform project, it was undertaken 
a project aiming at development of Molecular Modeling and Simulation as one of the 
Interlinked Curriculum Components (ICCs).  
During the last decades, the classical chemical engineering curricula has been 
focused on the design and study of the processes related to the basic conservation laws 
from micro/macro scales point of view. Recently, emerging chemical engineering areas 
recognize the need in the understanding at the molecular level of the phenomena and 
materials. Thus it has become important to include an introduction to physical-chemical 
related fundamental concepts at this level. By using an interactive web module, these 
concepts can be introduced in a practical point of view, directing the information to 
applications in chemical engineering fields.  
Different institutions have been working on the integration of Molecular 
Simulation to the chemical engineering curriculum. In 1998 the CACHE Corporation 
founded a grant were seven co-PIs from different universities, experts in molecular 
simulation, started the design and implementation of web based modules for introducing 
molecular simulation to undergraduates in chemical engineering curriculum. They 
created a browser based module development environment for different modules 
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A.2.  Interlinked Curriculum Web Module in Molecular Simulation 
   
Below are described the skills expected after completion of the module, from 
students without previous knowledge on the topics.  
Section a: Models and Interactions 
• Couple Molecular Simulation to applications in chemical engineering. 
• Recognize the mathematical models used to represent different molecular interactions. 
• Understand the fundaments of conservation laws from a molecular point of view. 
• Identify the types of interactions important in atoms and molecules. 
• Acquire a molecular perspective on the engineering macroscopic phenomena with the 
purpose of improving the understanding of thermodynamics, transport and materials 
concepts. 
• Introduce molecular simulation and provide the chemical engineering student with a 
better understanding of the molecular world through models. 
 
Section b: Molecular Simulation Methods 
• Differentiate the basic algorithms of molecular mechanics, Monte Carlo and 
Molecular Dynamics Simulations.  
• Acquire criteria to select the appropriate molecular simulation method for the solution 
of a given problem.  
• Evaluate different algorithms in terms of their applicability/limitations for specific 
problems. 
• Understand  the applications of molecular simulations through chemical engineering 
related examples.  
 
Section c: Property Prediction  
• Apply thermodynamic and statistic concepts for the calculation of properties from 
molecular simulations results. 
• Be able to select the appropriate methodology for the calculation of specific properties. 
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These examples provide the user with an opportunity to apply the information 
learned through the module as they are studying the web based interactive course notes. 
 
 A.3 Classroom Assessment with undergraduate students at TAMU 
 
The web-based molecular simulation module was presented to three 
undergraduate courses given at Texas A&M Univeristy; Chem. Engr. Materials (CHEN-
313), Chem. Engr. Kinetics (CHEN-464) and Chem. Engr. Thermo II (CHEN-354). The 
students enjoyed the module and demonstrated interest in the topic. After exploring the 
molecular simulation module the students answered a questionnaire designed to assess 
the activity. The questions made and results obtained from the assessment are 
summarized below. 
 
 
 
 
 
TableA-1. Assessments Questions 
Question # This module 
1 … explained how molecular simulation can be used in Chemical Engr. 
2 … was a good motivation to the topic 
3 … was a good introduction to the topic 
4 … would be a good study tool 
5 … would be a good supplement for a text 
6 … was user friendly 
7 … was logical in the way it presented the content – made sense - 
8 … motivated me to learn more about molecular simulation in Chem. Engr. 
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Fig.A-3. Usability Study results for CHEN-313, CHEN-354 and CHEN-464 courses. 
  
A.4 Summary 
A proto-type Molecular Simulation web-based module was designed as a part of 
a bigger Interlinked Curriculum Components (ICCs) project aimed at the renewal of the 
chemical engineering curriculum. This module will contribute to the education of the 
chemical engineering student with a focus of the basic phenomena on a molecular scale 
to achieve a better understanding of the interactions involved at that level. The students 
who participated in the assessment activities showed interest and curiosity to continue 
learning about the topic. The visual, audio, flash and java based material successfully 
motivated the students and keep their attention an interest open.   
Incorporating this educational material by using the web–based modules provides 
the opportunity to introduce new concepts in the context of the traditional courses in 
chemical engineering.  
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